Current and future research directions for micro-and nano-technologies applicable to the automotive sensor market are presented. Micro-and nano-based sensors are inherently small with high bandwidth and incredible sensitivity potential and can therefore used to measure the desired data directly (eg. force from road on wheel at wheel bearing) rather than inferring data by indirect measurement and data table lookup. The key to leveraging the capabilities of micro-and nano-systems is to control the interface between the microsystem and vehicle component, and/or the nanoscale device and the microscale packaging. The former interface is primarily responsible for device performance and the latter for processing and integration cost. To demonstrate these points, a number of micro-and nano-sensors, currently in development, are described and reviewed. To examine the influence of the interface between micro-and macroscale systems, a high sensitivity and bandwidth resonant strain sensor mounted to steel components is examined. To exemplify the interface between microscale physical (e.g. temperature, acceleration, pressure, strain) and chemical sensors (e.g. oxygen and hydrogen) and their environment are examined. Lastly, nanowire and nanotube sensors fabricated using a new, room temperature fabrication method that leverages microscale devices and enables the nanowires and nanotubes to be fabricated directly on CMOS chips will be discussed. These sensors, and others, promise to revolutionize the automotive sensor market and will make possible a new generation of extremely safe, high performance automobile systems.
INTRODUCTION
Several research efforts are ongoing at UC Berkeley to develop and integrate novel micro and nanosystems for automotive sensor research and development. The automotive sector has always been an early adopter of technologies for safety, performance and comfort, and has been a leader in the development of micro-sensors or microelectromechanical systems (MEMS) [1] . As an example, the automotive sector consumes greater than 80% of the globally produced inertial MEMS units [2] and more than 400 million MEMS units annually [3] . The importance of microelectronic systems within the automobile, driven by consumer demand and legislative pressure, is increasing [4, 5, 6] .
Automotive sensing technology was originally developed for driver awareness and more recently to provide data for engine and dynamic control computers and open loop processing. Recent trends indicate the possibility of harsh environment sensors and local computation for closed loop control of vehicle dynamics and powertrain control, safety sensors for extravehicular activities, and communication within and between vehicles. Microsystems and nanotechnology will play a large role in each of these activities provided the interface between the sensors and their environment are effectively managed.
The objective of the micro-and nanoautomotive related research (dubbed the MINOTAUR project) is to address the future needs of automotive technology. As such, it is worth generally examining the history and projected future role of automotive sensors. Prior to the 1970's, and the advent of engine control computers, automotive systems were analog systems which provided data to the driver. These early data were collected by analog gauges and meters and provided information to the driver regarding the state of the vehicle. The oil crisis of the 1970's led to the development of many technologies and concepts to reduce fuel consumption while maintaining performance including 'closed-loop' carburetor control [ 7 ] and engine management units [ 8 ] . Microfabricated sensors and actuators were a large part of this development work for automotive control systems [9] .
These early research developments led to a second phase of automotive sensing, in which sensors were communicating with control computers to monitor such systems as exhaust gas recirculation (EGR) through oxygen sensors, air / fuel ratio, fuel injection timing, and pressure sensors [ 10 ] . These early engine control system sensors consisted of microfabricated fuel delivery orifices [11] , screen printed yttria-stabilized zirconia (YSZ) films for oxygen measurement [ 12 ] and micromachined actuators such as silicon poppet valves [13] . In this second development phase, early safety sensors began to be developed, for instance, the magnetic ball and tube accelerometer sensor for safety restraint [ 14 ] , antilock braking systems [ 15 ] , and gyroscopes for monitoring vehicle dynamics [16] . While many of the sensor systems of this phase were enabled by early microfabrication developments. Current MEMS systems include airbag deployment accelerometers [ 17 ] , dynamic stability control yaw rate sensors [18] , and pressure sensors [19] . More recently, RF MEMS [1] components are becoming integral to both mobile handset and vehicular communications systems. As such, the total number of MEMS in vehicles is expected to nearly double from 5 per vehicle in 2002 to almost 10 by 2007 [3] .
Micro and nano-systems have further enabled a third research phase in which the systems are and must be capable of a dynamic set of operation constraints. Closed loop control based on computation of local conditions rather than searching through a database of options is one such example of more robust control requirements. Satisfying these requirements enables a software programmable automotive experience, including safety, communication, chassis and powertrain performance. In many cases, driver intent is measured by control computers and the vehicle will take the appropriate action or driver out of the loop control [ 20 ] . Antilock braking is one such example, and it is a technology which has saved countless lives.
NEW TRENDS FOR MICRO-AND NANO-SYSTEMS FOR AUTOMOTIVE SENSOR RESEARCH
Current and foreseeable future development efforts are motivated by three external forces: control robustness, legislative pressure, and consumer experience. The first technology driver is to improve the robustness of control strategies, or 'driver out of the loop control'. This area encompasses the areas of driver intent, vehicle dynamics, and extravehicular sensing. Increased control robustness will lead to improvements in safety and performance but does require increased development of sensor systems. The second technology driver is government legislation. Legislative pressure is in the areas of drivetrain sensors and control for emissions and efficiency requirements, passenger cabin safety requirements for alternative fueled vehicles, and vehicle safety for crash avoidance (eg. tire pressure monitors) and accident reconstruction (automotive black boxes). The third technology driver is the consumer who is looking for a more fulfilling driver experience, be that in the areas of biometrics for comfort, multimedia, or improved communications [21] .
Novel technologies, low unit cost, and improvements in sensitivity and bandwidth are also driving micro-and nano-system development for automotive applications. Novel technology applications include such applications mechanically (low power) filtering wideband electronic signals [ 22 ] . Low production cost is enabled by the well matched production volumes of vehicles and micro-and nano-systems. Further, the size and power scales of micromachined sensors are such that enhanced sensitivity and bandwidth can be achieved. Additional advantages of MEMS sensors including shock resistance due their small overall size, and thermal and chemical resistance based on the ceramic materials of manufacture. The implications are that micro-and nanosystems can be used to directly measure the data of interest, reducing the use of iterative computer models and allowing for more robust control mechanisms. In order to achieve this direct data measurement capability however, the interface between the micro-system and vehicle component, and/or the nanoscale device and the microscale packaging must be effectively controlled and implemented.
ADVANCED MICRO-AND NANO-RESEARCH ACTIVITIES FOR AUTOMOTIVE SENSOR APPLICATIONS
Micro-and nano-systems have potential to be used in all application areas of automotive systems: powertrain, drivetrain, extravehicular sensors and comfort / communications systems. In each case, the interface between the sensor system and surroundings are critical to the successful implementation. The research outlined in this paper is organized by application area and is a subset of ongoing research at UC Berkeley for the automotive market.
POWERTRAIN SENSORS
Sensors and actuators for powertrain sense and control applications are among some of the earliest microsystem research efforts, including thin film oxygen sensors and piezoelectric fuel injectors. Powertrain sensor systems (lambda and engine knock sensors) are widely used as real time combustion control monitors to be used in control systems such as exhaust gas recirculation (EGR), fuel injection timing, and spark timing efforts [ 23 ] . More recently, similar sensors have been used to monitor exhaust catalyst performance and to collect data for engine (air/fuel ratio) control. More recently still, engine systems have incorporated a variety of pressure, temperature and flow sensors to monitor intake and exhaust conditions in turn monitoring engine performance [19] . Engine detonation (knock) sensors have also been included for real time adjustment of ignition timing to again optimize engine performance [ 24 ] . All of these systems leverage some form of micro and nano-manufacturing.
Despite the fact that each of these sensor systems is currently used for measuring engine/combustion performance, each of these sensors infer the characteristics of the combustion event by monitoring conditions outside the combustion cylinder. A host of research grade sensors do exist for measuring combustion characteristics within the cylinder including cylinder pressure [25] , flame propagation by monitoring ion currents across the spark plug [26] , and combustion monitoring by optical methods [ 27 ] . As variable fuels enter the market, pollution legislation becomes more stringent, and engines become smaller and more rapidly started and stopped (eg. Hybrid vehicle applications), tighter control systems are required. Control strategies have come a long way to reduce fuel maldistribution across multiple cylinders. In one case [28] , reducing the air / fuel ratio variability to about 3.5% from the setpoint using a conventional oxygen sensor in the exhaust runner. Air/fuel maldistribution is due in large part to fuel injector variation as driven by manufacturing cost and individual cylinder air/fuel ratios can vary by more than 20% [28] . In order to meet California Air Resources Board (CARB) and Federal Clean Air Act emissions regulations, these air/fuel variations must be further reduced.
One approach is to apply real time, individual cylinder control. To achieve this, more robust data measurement from within the cylinder is desired. Ceramic materials of microand nano-manufacturing can theoretically be applied for in-cylinder sensor measurements. Further, the scale of these devices and the increased bandwidth of reduced scale sensors are amendable to single combustion event monitoring within the cylinder. Our research approach to develop and place sensor systems within the cylinder is to use existing porting to the individual cylinder via gasoline or diesel direct injectors or spark and glow plugs as the mounting substrate for these sensors. A schematic image of this approach is seen in Figure 1 . The ramifications of individual cylinder control go beyond meeting future emissions requirements, as individual control allows for individual cylinder maintenance / fault identification, and the potential for fuel flexibility all with a relatively simple implementation into the preexisting system of use. Implementation of high bandwidth individual cylinder control should enable a reduction in pre-catalyst pollution by minimization of aggregate air/fuel ratio variability. Importantly, individual cylinder control can also be applied during cold start conditions, thermal variations due to load, and maladjust conditions and long term durability may be enhanced through the collection of control variable data which may indicate component wear or system maladjust.
Operation in harsh environments such as within engine cylinders places a large burden on the materials and packaging of the sensors. As noted above, the interface between the sensor and the environment is critical. Recent work is ongoing to deliver silicon carbide (SiC) sensors for extreme harsh environments that are capable of measuring physical variables such as temperature, acceleration, pressure, and strain under high temperature conditions (600ºC), and in the presence of corrosive and erosive media such as hydrocarbon engine exhaust. This SiC sensor system is unique in that the SiC semiconductor substrate is integrated with SiC MEMS structures and both of these, in turn, are integrated with a SiC encapsulation layer [ 29 ] . The deposition temperatures of the three SiC deposition processes are staged (electronics 1200-1600°C, MEMS 750-850°C, encapsulation 200-450°C) so that the deposition process of each successive layer does not violate the thermal budget of the previously deposited layer. By using only SiC materials throughout the sensor development, thermal mismatch stresses are minimized. A schematic of the proposed device is shown in Figure 2 . In addition to physical sensors, chemical sensors such as oxygen sensors are useful for emissions control systems. A critical hurdle toward increased bandwidth oxygen sensing is in reducing the diffusion barrier distance between the sensor and reference electrode without a subsequent decrease in device reliability. In most engine applications, this results in designs with data collection bandwidth of ~50ms. The bandwidth limitations are caused by material limitations due to thermal shock, electrode kinetics and electrolyte thickness (which limits ion exchange). The reduction in device scale while maintaining mechanical robustness, has motivated micro-fabricated oxygen sensors research [30] .
In today's automobiles, most oxygen sensors consist of an yttria-stabilized zirconia (YSZ) electrolyte, to transport oxygen ions, sandwiched between two electrodes [12] . Oxygen sensors monitor voltage generated by local oxygen concentration as compared to a reference ambient. Future engine systems, which have operation points in lean conditions, will reduce the effectiveness of conventional lambda sensors [31] . As such, combining a potentiometric sensing cell with a an oxygen pumping cell, one can determine the excess air quantity which is proportional to the current necessary to pump oxygen into or out of the sensing cell so that a reference voltage of 450mV is achieved (halfway between rich and lean). Importantly, microand nano-fabrication can be used to improve these sensors by depositing submicron thick film electrolytes to increase resolution and bandwidth to levels compatible with engine exhaust measurement and these sensors can be patterned to prevent electrode delamination. In this configuration, these films will be deposited on a solid state, oxygen storage material at the reference electrode to remove the constraint of a local ambient oxygen reference, one of the interfacial limitations noted previously. direct force measurement sensor requires understanding the mechanisms of strain transfer through silicon substrates for chips bonded directly to steel [ 32 ] . Strain transduction through to the gauge location through the silicon chip and packaging is required. Strain isolation trenches have been designed into the sensor package itself such that strain is selectively isolated in specific sections, and along specific directions thereby reducing the cross-axis sensitivity of the strain sensor. This particular strain sensor, as shown in Figure  3 , is an encapsulated, resonating doubleended tuning fork (DETF) MEMS strain gauge specially designed to be directmounted on steel with a strain resolution of 0.1u-strain over a range of +/-1000u-strain and a bandwidth of 10kHz [33] . To this end, a strain isolation structure was designed that rejects cross-axis strain while still maintaining axial strain fidelity. The microfabricated gauge has a spatial resolution of the strained areas are on the order of 100-200 microns which is critical to identify small strain fields as encountered in a wheel bearing for example. When subjected to an axial strain, the tines of the DETF length change, resulting in a change in its resonant frequency. This system has demonstrated a resolution of 33 nano-strain in a 10 kHz bandwidth, and has a noise floor of 60 pico-strain per root hertz (pe/rtHz) up to 1kHz [33] . The output of the DETF
DRIVETRAIN SENSORS
The objective of chassis / drivetrain sensors is to improve the safety and the performance of vehicle under a wide variety of road and driving conditions. The most robust control system is to directly measure the contact forces at each of the wheels. In order to accomplish this, it is desired to convert existing drivetrain components into a force transducer and collect dynamic chassis / drivetrain data directly rather than inferring drivetrain forces or deliberately weakening the chassis structure to collect measurement data and applying those data as inputs to a library of control system models. MEMS force and strain measurement systems, with improved resolution and bandwidth, can be used for direct data measurement in this manner provided they can be appropriately interfaced to the components of interest.
A novel sensing paradigm is to use a microfabricated MEMS Strain Gauge to measure data directly with an adaptive control strategy to handle driver and road variability. In this approach, the critical interface to be controlled is that of the bonding of the gauge to the steel component of interest, including potential locations such as shock towers, wheel bearings and chassis components. This type of silicon oscillator is converted to digital signal with a novel 4th order sigma delta phase lock loop [34] .
A rapid and reliable bonding method is needed to bond MEMS strain gauges to steel. Automotive steel components are subject to a great deal of heat treatment processes and as such, the bonding method must be designed so as to not affect the properties of the processed steel. As such, methods are in development [32, 35] to use induction heating to locally heat solder materials to a very shallow depth, preventing thermal damage to the steel and to prevent large residual strain at the bond location. Local residual strain would lead to significant error in the strain measurement. These bonding methods have been preliminarily tested to examine the effect of long term exposure to automotive fluids and have been found to respond well to these interfacial conditions.
A similar approach may be carried out for torque sensing applications. In this case, the gauge should be mounted along the primary shear axis for the shaft to maximize output signal. Microfabricated strain gauges are applicable for torque sensing in applications such as continuously variable transmission monitoring, regenerative braking control systems for hybrid vehicle applications, and as control sensors for vehicle dynamic measurements with high torque electric motors at each wheel.
EXTRAVEHICULAR SENSORS
Safety sensors for vehicles now must be expanded to include not only occupant safety, but also pedestrians / cyclists / other vehicles. To address the growing concern for the interface between the vehicle and its surroundings, two classes of imaging sensors are being developed at UC Berkeley. This research includes the development of low-cost, plastic mm-wave radar imagers, and bioinspired, uncooled infrared imagers. The fusion of these data sets can be used to better understand the role of the vehicle in the automotive scene and will become an integral part of vehicle active safety or adaptive cruise control (ACC) systems.
A low-cost, low power, fluid-based, and reconfigurable electromagnetic-wave beamformers for 20-95 GHz applications are being developed consistent with the needs of the automotive market. As such, the approach is a system-level integration of millimeter-wave systems upon a single substrate. 3-D structures are fabricated by industrial plastic molding and electroplating processes with integrated active/passive components and fluidic control for reconfigurable beam-formers. Several microwave components have been developed including waveguides [ 36 ] , iris filters [37] , horn antennas and tunable filters [ 38 ] . This molding-based architecture enables low-cost manufacturing and integration of 3-D micro electromagneticwave components, with capability to integrate monolithic IC components to achieve low-cost and reconfigurable micro beam-formers.
A bioinspired approach to develop a low cost, uncooled infrared (IR) detectors is also in development and is based upon a novel, microfabricated, infrared sensing material [39] . The design concept is inspired by the jewel beetle Melanophila acuminata, which has an IR-sensitive pit organ for the remote detection of forest fires [40, 41] . Chitin is a common polysaccharide from the insect kingdom which has a photomechanical stretching which occurs in the presence of infrared radiation. Micro-fabricated structures can be used to leverage this stretching through the use of a cantilever bimorph. One side of the bimorph uses chitin and the other a MEMS material to maximize deflection for a given amount of incident infrared radiation due to a strain mismatch. A fabrication process has been developed to integrate chitin into micro and nanostructures. The chitin solutions can be deposited on wafers in a manner similar to spin-on photoresist or electrodeposited into nanoscale gaps [39] . Electrodeposition techniques can be used in conjunction with thin-film transistor (TFT) technology to also monitor local strain, and in turn incident IR radiation.
CABIN SAFETY SENSORS
Cabin safety or occupant sensors come in a myriad of types, but that which will be discussed here include nanowire based chemical safety sensors. This type of sensor is chosen as the interface between the nanowire and the package are critical to not only functionality, but to fabrication and packaging cost.
MEMS and NEMS systems fit well with the needs for cabin passenger safety monitors as the devices are highly sensitive, small and unobtrusive and can be manufactured at low cost and in large volume. In the case of hydrogen cabin and chassis open space sensing, the sensors are designed to detect the presence of hydrogen at levels below the lean flammability limit (LFL), about 4%. Carbon monoxide sensors must achieve sensitivity levels on the order of 1-10 parts per million (ppm). The nanowire based sensor examined here is fabricated by using a simple MEMS chip to grow nanowires at a particular location [42, 43] . This approach is advantageous as the integration of microand nano-scale devices can be problematic. In this method, two suspended MEMS bridges are positioned in close proximity to each other and the synthesis of silicon nanowires using the vapor-liquid-solid (VLS) growth mechanism. In the presence of a locally acting electric-field, constructed solely between the two bridges, the nanowires follow electric-field lines and link together the two MEMS bridges. The first bridge on which the nanowire synthesis process originates is designated as the growth structure while a second bridge, located nearby, is designated as the bias structure. Post-processing techniques are required to enable and improve the functionality of such NEMS, but this is readily accomplished as the location of nanowires is well known and the wires are free from the substrate. For hydrogen sensing, a noble metal such as Palladium (Pd) is deposited. By monitoring the resistance across the microstructured bridges (and therefore across the nanowires), the presence of adsorbed species is determined. An increase in resistance is expected upon the exposure of the Pd coated nanowires to H2 as the dissociation and diffusion of hydrogen onto the surface promotes increased scattering. Figure 4 shows preliminary hydrogen sensing demonstration in terms of changes in resistance as a function of time upon the periodic exposure of the system to hydrogen gas [43] . Based on these tests, the adsorbed H2 is not being effectively ad/desorbed. As such, a pre-cleaning process and local temperature control of the nanowires would result in a higher performance sensor. 
CONCLUSIONS
The goal of this work has been to demonstrate that that micro-and nanotechnologies have a bright future in automotive systems, as there are a great deal of technology advances which are possible and many novel applications driven by legislative and consumer demands. Also, in automotive scale quantities individual part cost is reduced fully leveraging the mass fabrication capabilities of MEMS/NEMS. This gives micro-and nano-systems advantages on both technology and cost bases. The key issues to be resolved for the successful implementation of these systems, however, falls not with the device itself, but rather at the interface between the device and the environment.
To wit, several relevant research snapshots have been presented, not so as to be a detailed coverage of the technical material, nor as a complete review of all automotive micro and nano-systems development, but rather to provide some insight to these interfacial issues. Several new trends in MEMS relevant to the automotive environment have also been addressed, including: the development and/ packaging of microsensors for harsh environment operation; low cost growth of nano-systems and low cost MEMS using alternative materials (injection molded plastic, polysaccharides).
